It may be taken for granted that the processes that occurred in water were of crucial importance for the origin of life. Therefore, it is quite likely that water was also important with respect to the origin of homochirality. Here, it is shown, using electrospray ionization mass spectrometry, that the efficiency of hydration of homochiral serine-metal cation complexes is different from that of heterochiral serine-metal cation complexes. The differences in the efficiency of hydration of homo and heterochiral metal cation-amino acid complexes could lead to the amplification of formation of homochiral peptides in water solution from which life emerged.
Introduction
The problem of the origin of homochirality in living systems has been widely discussed. There are theories assuming that serine could play an important role in this matter (Ávalos et al. 2010; Blackmond and Klussmann 2007; Cintasi and Viedma 2012; Klussmann and Blackmond 2009; Kojo 2010; Ruiz-Mirazo et al. 2014; Toxvaerd 2009 ). The serine role could be related to the following findings: serine exhibits a eutectic point of > 99% enantiomeric excess-ee (Klussmann et al. 2006) , sublimation of serine with the initial ee of 3% yielded sublimates of 68-92% ee (Perry et al. 2007) , and under some specific conditions (e.g., electrospray ionization conditions) serine yields stable preferentially homochiral octamer (Cooks et al. 2001; Nanita and Cooks 2006) , although it has to be added that serine octamer does not exist in solution (Vandenbussche et al. 2006) . Water is the most fundamental compound indispensable for life existence on the Earth (it is almost truism).
One of the most interesting theories of the origin of life is those that life emerged in the so-called warm little pond (Peretó et al. 2009 ) or in the so-called prebiotic soup (Bada and Lazcano 2003) -both were water solutions. It may be taken for granted that the processes that occurred in water were of crucial importance for the origin of life. Therefore, it is quite likely that water was also important with respect to the origin of homochirality. Here it is shown, by using electrospray ionization mass spectrometry, that the efficiency of hydration of homochiral serine-metal cation complexes is different from that of heterochiral serine-metal cation complexes. In the water solution from which life emerged, there must have been simple chiral molecules and metal cations and they formed complexes which were hydrated. It is obvious that hydration process affected the formation of larger biomolecules.
Materials and methods
Serine (SerL and SerD) and isotope-labeled serine (SerL 13 C 3 , 98% 13 C, 95% CP, Scheme 1) were obtained from Sigma-Aldrich (Poznań, Poland) and used without further purification.
The product ion spectra (CID-MS/MS spectra) were taken on a Waters/Micromass (Manchester, UK) Q-tof Premier mass spectrometer (software MassLynx V4.1, Manchester, UK). The sample solutions were prepared in methanol (concentration refers to the each ingredient, not to the sum).
The sample solutions were infused into the ESI source by a syringe pump at a flow rate of 5 μl/min. The electrospray voltage was 2.7 kV and the cone voltage was 30 V. The source temperature was 80 °C and the desolvation temperature was 250 °C. Nitrogen was used as the cone gas and desolvating gas at the flow rates of 0.8 and 13 dm 3 /min, respectively. Argon 4.0 was used as a collision gas at the flow rate 0.2-0.6 ml/min (0.2 is the standard value) in the T-wave collision cell. The relation between the collision gas flow rate and the collision cell pressure has been published elsewhere (Frański 2019 ). Collision energy (the most important parameter for CID-MS/MS experiments) was 5-20 eV-laboratory frame. Exemplary product ion spectra obtained at different collision energies are shown in Supplementary Materials (Figs. 1s, 2s).
Scan time was 0.5 s, inter scan time was 0.1 s and run duration was 6 s. Thus, each point at the breakdown plots was generated by averaging ten mass spectra. The calculated relative standard deviations did not exceed 5%.
Usually, to study the gas phase interaction between water molecule (and other solvent molecule) and ion, the use of a specially designed mass spectrometer is required. However, sometimes the interaction between ions and water which is present as an impurity in the commercial mass spectrometers may be also very interesting (Alechaga et al. 2016; Beach and Gabryelski 2018; Frański 2019; Hu et al. 2017) . It is evident that the attached water comes from the collision gas, in which it is present as an impurity, since the collision gas flow rate strongly affected the ratios [(SerL-H) Fig. 4s ).
Because of a wide window, the ion beam selected for MS/ MS experiment contained all abundant ions generated from the solution of SerL 13 C 3 and SerD (or SerL 13 C 3 and SerL). It was very important for the purpose of this work, since in this way the hydration of homochiral and heterochiral ions occurred in one MS/MS experiment, thus in identical conditions (!). It is well known that the mass spectra obtained at some time interval (in identical instrumental conditions) may be different because of the fluctuations of pressure inside the mass spectrometer (David and Brodbelt 2003) .
Results and discussion
If we deal with a racemic solution, it is difficult to find if there are any species being enantioenriched, without their prior isolation. Electrospray ionization mass spectrometry (ESI-MS) is a well-known method of transfer of ions from solution to the gas phase. Then, the properties of each of the obtained ion in the gas phase may be further studied by its collision-induced dissociation (CID-MS/MS) and/or by ion-molecule reaction, e.g., hydration.
From the solution containing serine (Ser) and Ca(NO 3 ) 2 , the ion [(Ser-H) + (loss of serine molecule). The formed product ions have attached water molecules (water was present in the collision cell as an impurity). As clearly shown in Fig. 1, water Fig. 2 .
In order to be sure that the found differences between hydration of homochiral and heterochiral complexes (Figs. 1,  2) are not accidental or are not caused by apparatus effects, the respective MS experiments were performed for complexes containing SerL 13 C 3 and SerL. As expected, the efficiency of hydration of all ions containing SerL 13 C 3 and/or SerL was very similar (Supplementary Material, Figs. 5s,  6s) .
The most common divalent metals on Earth are iron, calcium and magnesium. Therefore, hydration of serine-Fe complexes was studied as well. However, the efficiency of their hydration was low (Supplementary Material, Fig. 7s ) in comparison to the hydration of serine-Ca and serine-Mg complexes. Divalent metal cation could enhance the prebiotic formation of the first peptides from amino acids (Beck 2011; Kitadai et al. 2011; Remko and Rode 2004) . The differences in the efficiency of hydration of homo and heterochiral metal cation-amino acid complexes undoubtedly led to the amplification of formation of homochiral peptides in water solution from which life emerged. The open question is if the higher efficiency of hydration of homochiral complexes than heterochiral complexes (Mg complexes) enhanced the formation of homochiral peptides or the lower efficiency of hydration of homochiral complexes than heterochiral complexes (Ca complexes) enhanced the formation of homochiral peptides.
It is worth mentioning that hydration of 1:1 amino acid-metal cation complexes has been widely studied (Burt and Fridgen 2013; Gholami and Fridgen 2013; Jockusch et al. 2001; Lemoff et al. 2006; Wincel 2007a, b) . However, the influence of chirality on hydration of complexes characterized by high stoichiometry surely needs further investigation.
It is also worth mentioning that meteorites contain enantiomeric excess of amino acids (Glavin et al. 2012; Pizzarello and Yarnes 2016) . These findings may be regarded as being against the argument that the processes occurring in water on Earth are responsible for the homochirality. However, it is reasonable to assume that not only one process could lead to the enantioenrichment. Furthermore, it cannot be definitely excluded that the origin of enantiomeric excess in meteorites is related to the process occurring in water. Another problem is that amino acids may be racemized in water. Furthermore, the metal cations may enhance the racemization of amino acids (Reddy et al. 1989; Smith et al. 1983; Stadtherr and Angelici 1975) . However, the metal cations which enhance the racemization of amino acids are transition metal cations. Alkali earth metal cations have not been found to possess such a property (alkali earth metal cations are not prone to be coordinated by amino group).
The RNA world hypothesis suggests that homochirality has to be related to the formation of RNA molecules containing d-ribose (Pressman et al. 2015; Tamura 2008) . This hypothesis seems to question the role of amino acids in the origin of homochirality. However, highly enantioenriched RNA precursor molecules can be formed from a racemic mixture of precursors in the presence of amino acids containing very small enantiomeric excess (Hein et al. 2011 ). 
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